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Differential photocurrent spectra of various In,Ga, _ &s diodes demonstrate that modulated 
photocurrent techniques can easily be used to characterize p-i-n and Schottky diode 
structures. The spectra were obtained in such a way as to produce a first derivative with 
respect to either the photon energy or an electric field. A simple model yields an expression for 
the differential photocurrent spectra in terms of the derivative functional form normally 
used to fit modulated spectra. Therefore, the sharp spectral features produced with these 
techniques can be used to determine not only band-gap energies and spectral linewidths 
but built-in electric fields as well. 
I. INTRODUCTION 
Within the last 25 years numerous optical modulation 
techniques have evolved, each with particular advantages 
and circumstances for which they are suited.lA In each 
case, straightforward methods exist to fit spectral data in 
order to extract information about transition energies, 
linewidths, or even internal electric fields. However, spe- 
cific device structures (e.g., waveguides and mesa diodes) 
have geometrical constraints that inhibit most optical mod- 
ulation techniques. This compelled us to develop tech- 
niques with which to use photocurrent measurements to 
characterize device structures and thus supplement the 
other modulation spectroscopies mentioned above. 
In this communication, we describe a novel way to use 
photocurrent spectra to characterize layered structures 
having p-i-n or Schottky diode configurations. The differ- 
ential photocurrent (DPC) spectra obtained as shown be- 
low can be fit with the same derivative functional form 
normally used with techniques such as photoreflectance 
(PR) or piezoreflectance (PzR).’ We justify using this 
functional form by relating the Zth-order differential of 
photocurrent spectra to the Ith-order differential of the di- 
electric function. As proof of principle, we present spectral 
data obtained in such a fashion to produce spectra for 
InGaAs diodes either resulting from a first derivative with 
respect to the photon energy or an electric field. In the 
former case, transition energies extracted from the spectra 
specified the indium concentration of our samples. The 
latter spectra had Franz-Keldysh oscillations with which 
we determined the magnitude of internal electric fields. 
II. THEORY 
We neglect the effects of multiple reflections and con- 
sider that absorption occurring within the depletion region 
of either ap-i-n or Schottky diode. It has been shown that 
dips in photocurrent spectra can occur if carriers recom- 
bine before being collected in the n or p regions.7 There- 
fore, we also assume that the electric field is strong enough 
so that carrier lifetimes do not affect the magnitude of the 
photocurrent. The photocurrent can be written as8 
i,,=1,7& (T)(l -eeaX), 
where 7 is the quantum efficiency, T represents the power 
transmission coefficient, and I0 is the intensity incident on 
the interface defining the active region, and 1 - e - M is the 
fractional power absorbed in the layer of width x. The 
differential of Eq. ( 1) is 
Aipb=lcv& [TxAaema”+ (1 -e-““)AT]. (2) 
The differential of the transmission coefficient, AT, is in 
general a function of the complex indices of refraction of 
the regions on either side of the interface. However, we 
consider contributions only from the active region, assume 
normal incidence, and write 
AT=$An+gAk. (3) 
The change in the real and imaginary parts of the index of 
refraction can be written as functions of the corresponding 
changes in the complex dielectric function. Therefore, after 
collecting constants and replacing a with 2?rk/& we can 
write Eq. (2) as 
N 
hiPi, = c Re(A + iB)AZ 
i= 1 
(4) 
where A and B are similar to the Seraphin coefficients’ in 
that they are functions of the unperturbed complex indexes 
but differ from them because of their dependence on layer 
thicknesses. 
The complex dielectric function of a layer can be writ- 
ten as’ 
3506 J. Appl. Phys. 71 (7), 1 April 1992 0021-8979/92/073506-04$04.00 0 1992 American Institute of Physics 3506 
C- 1 = Be”(AE+ iI’)m, (5) 
where 8 is a phase angle that depends on the magnitudes of 
the real and imaginary parts of the dielectric function, AE 
is the transition energy, m depends on the dimensionality 
of the joint density of states, and I’ is the phenomenolog- 
ical broadening parameter. Since AZ can be expressed as 
either a first or third derivative of the unperturbed dielec- 
tric function,’ an Ith-order derivative of Eq. (5) can be 
used in Eq. (4) so that, in general, the modulated photo- 
current can be expressed as 
M C’coS[Bj+djcOS-‘Jq/(M 
Aiph = c 
j-tr;)l 
(AEj + r;)di/* , j= I 
(6) 
where M is an index associated with each critical point, Cj 
is the amplitude of thefih critical point and is proportional 
to the differential with respect to the perturbing parameter, 
dj = Zj - mj and 4 is the order of the derivative. Spectral 
data fits to Eq. (6) yield information about transition en- 
ergies, broadening parameters, and the dimensionality of 
the dielectric function of the material probed. 
Ill. EXPERIMENTAL CONSIDERATIONS 
Photocurrent measurements were made on InGaAs/ 
GaAs p-i-n diode structures grown on n + [lOO] GaAs 
substrates. The l-pm InGaAs intrinsic regions were wider 
than the critical thickness and thus strain free.” The pf 
layers were 1000 A thick and had the same indium con- 
centrations as the intrinsic regions. The group three fluxes 
were set during molecular-beam epitaxy (MBE) growth so 
that nominal indium concentrations of samples 1523, 1524, 
and 1525 would be 5%, lo%, and 15%, respectively. The 
diodes had 100-A semitransparent gold electrodes depos- 
ited on the p + surface and 1000-A electrodes on the n + 
back surface. 
Optically chopped (400 Hz) radiation from a tung- 
sten-halogen lamp was dispersed through a 3-m monochro- 
mator and focused onto samples which were connected to 
a current-voltage converter. A lock-in amplifier tuned to 
the chopping frequency measured the output voltage of the 
I-Y converter. Differential spectra were obtained by either 
digitally calculating the first derivative of the (room-tem- 
perature) photocurrent spectra with respect to energy or 
subtracting (78 K) spectra obtained with different applied 
biases. We did not normalize the spectra to eliminate their 
dependence on the incident intensity since the radiation 
from the tungsten lamp was approximately constant over 
the narrow spectral ranges used for each spectrum. (We 
do, however, acknowledge that care should be exercised 
when making this approximation, especially when using a 
source such as a xenon arc lamp.) 
IV. RESULTS 
We could not easily ascribe transition energies to the 
broad unmodulated spectra of the 1nGaA.s diode structures 
shown in Fig. 1 (a), nor could we use the extrema in the 
differential photocurrent spectra shown if Fig. l(b) with- 
























I , ! I I I 
(a) I 
I I I I I I 1 I 
1.15 1.20 1.25 1.30 1.35 1.40 
Energy (eV) 
FIG. 1. (a) Normalized photocurrent spectra obtained at 295 K of the 
three InGaAs pi-n diode structures; (b) first derivative of photocurrent 
spectra with respect to photon energy. 
out justification. Consequently, we compared transition en- 
ergies obtained from both PzR and DPC spectra using Eq. 
(6) and parameters appropriate for the first derivative of 
three-dimensional critical points. This was reasonable since 
previous work has shown that fitting PzR spectra to Eq. 
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FIG. 2. Comparison of PzR and DPD spectra of sample 1524; fits of both 
spectra yield transition energies of 1.284 eV. 
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TABLE I. The DPC transition energies for the InGaAspi-n diode struc- 






1523 1.355 5 4.4 
1524 1.284 10 9.1 
1.284’ 
1525 1.200 15 14.9 
~D~~2ir$usingEs=0.36+0.55(1-x)+0.515(1-x)2. 
f. . 
‘From PzR measurements. 
(6) is a viable means to determine transition energies.” 
The values thus obtained agreed, but we also noted that the 
band-gap energy indicated with an arrow in Fig. 2 did not 
correspond to the extrema of the DPC spectrum. Having 
gained confidence in differential photocurrent spectra, we 
extracted [using Eq. (6)] transition energies from the re- 
maining spectra of Fig. 1 (b) and calculated the corre- 
sponding indium concentrations. Table I lists the transition 
energies and the nominal and experimental indium concen- 
trations for the samples discussed. 
The fits to the experimental data obtained from the 
patterned samples (see Fig. 3) were reasonable within at 
least 3I’ of the transition energies. The additional structure 
on the high-energy side of the extrema in the spectra of 
samples 1523 and 1524 was repeatable. The agreement be- 
tween the transition energies extracted from the PzR and 
DPC spectra of sample 1524 (Fig. 2), however, indicates 
that this high-energy structure was inconsequential for de- 
termining alloy concentrations. We defer an explanation of 
this structure until it is better understood and only suggest 
that it results from electric field effects near the InGaAs/ 
GaAs heterojunction.i2 
We also obtained photocurrent and PzR spectra of the 
InGaAs diode samples at 78 K to minimize thermal broad- 
ening and enhance effects due to built-in electric fields. 
Figure 4(a) shows two photocurrent spectra of sample 
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FIG. 4. (a) Photocurrent spectra obtained at 78 K of sample 1524 with 
forward and reverse biases. (b) Differential photocurrent spectra [calcu- 
lated by subtracting the two spectra in (a)] and a piezoreflectance spec- 
trum of the unbiased sample. 
1524, one obtained with a 0.28-V reverse bias (increasing 
the built-in field by -2.8 kV/cm as determined from 
growth parameters) and the other with a 0.1-V forward 
bias (decreasing the built-in field by - 1 kV/cm) . By sub- 
tracting the latter from the former spectrum, we produced 
the DPC spectrum in Fig. 4(b) and used the Franz- 
Keldysh oscillations to determine the maximum field (i.e., 
built-in plus reverse-bias field) to be 10 kV/cm. (This in- 
terpretation of the electric field follows directly from dis- 
cussions by Bhattacharya et aL2) The PzR spectrum 
shown in Fig. 4(b) was obtained without an applied bias, 
its Franz-Keldysh oscillations corresponding to a field of 
-7.5 kV/cm. The differences between the electric fields 
determined from the spectra of Fig. 4(b) were consistent 
with the magnitudes of the applied and internal electric 
fields. This suggested that differential photocurrent spectra 
can also be used for Franz-Keldysh analysis of semicon- 
ductors. 
V. SUMMARY 
We have shown that differential photocurrent spectros- 
copy provides a valuable means to characterize layered 
semiconductor structures. Spectra can be fit with the de- 
rivative functional form normally used in conjunction with 
other differential techniques such as PzR, PR, and elec- 
troreflectance (ER) . Transition energies thus extracted 
from the differential photocurrent spectra agree well within 
experimental error with those obtained from piezoreflec- 
tance spectra. Moreover, DPC spectra can be used for 
Franz-Keldysh analysis of semiconductors. Thus informa- 
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tion regarding transition energies, broadening parameters, 
dimensionality, effective masses, and built-in fields can be 
easily acquired using this versatile technique. 
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